J Clin Invest. 2016;126(3):879-891. https://doi.org/10.1172/JCI83922. Cystic fibrosis (CF) disrupts respiratory host defenses, allowing bacterial infection, inflammation, and mucus accumulation to progressively destroy the lungs. Our previous studies revealed that mucus with abnormal behavior impaired mucociliary transport in newborn CF piglets prior to the onset of secondary manifestations. To further investigate mucus abnormalities, here we studied airway surface liquid (ASL) collected from newborn piglets and ASL on cultured airway epithelia. Fluorescence recovery after photobleaching revealed that the viscosity of CF ASL was increased relative to that of non-CF ASL. CF ASL had a reduced pH, which was necessary and sufficient for genotype-dependent viscosity differences. The increased viscosity of CF ASL was not explained by pH-independent changes in HCO 3 concentration, altered glycosylation, additional pH-induced disulfide bond formation, increased percentage of nonvolatile material, or increased sulfation. Treating acidic ASL with hypertonic saline or heparin largely reversed the increased viscosity, suggesting that acidic pH influences mucin electrostatic interactions. These findings link loss of cystic fibrosis transmembrane conductance regulator-dependent alkalinization to abnormal CF ASL. In addition, we found that increasing Ca 2+ concentrations elevated ASL viscosity, in part, independently of pH. The results suggest that increasing pH, reducing Ca 2+ concentration, and/or altering electrostatic interactions in ASL might benefit early CF.
Introduction
Cystic fibrosis (CF) is a life-shortening disease caused by mutations in the gene encoding the cystic fibrosis transmembrane conductance regulator (CFTR) anion channel (1) (2) (3) . Lung disease is the major cause of CF morbidity and mortality. The airways of individuals with advanced CF lung disease are infected, inflamed, and remodeled and contain mucus that obstructs airways. To better understand the factors that initiate CF airway disease, we developed CFTR -/pigs and CFTR ΔF508/ΔF508 pigs (referred to herein as CF pigs) (4, 5) . At birth, their airways lack infection and inflammation, and, within weeks to months, they develop the classical manifestations of CF lung disease (5, 6) . We discovered that newborn piglets manifest at least two host defense defects against bacteria (7) . Loss of CFTR-mediated HCO 3 secretion generates an airway surface liquid (ASL) with an abnormally reduced pH, and the acidic environment inhibits the activity of ASL antimicrobials (8, 9) . In addition, loss of CFTR-mediated HCO 3 and Clsecretion alters mucus, so that it fails to break free after secretion from submucosal glands and impairs mucociliary transport in vivo (10) . Mucus produced by airway goblet cells in CF pigs may also be abnormal, as evidenced by histopathological analysis of older animals (6, 11) . Mucociliary transport defends airways by capturing pathogens in mucus that is propelled out of the lung by cilia (12) (13) (14) . Studies performed using sputum collected from people with advanced CF airway disease suggest that CF sputum has several abnormalities (15) (16) (17) (18) . However, chronic bacterial infection, neutrophil-dominated inflammation, and airway remodeling with submucosal gland hypertrophy and goblet cell hyperplasia could alter mucus and sputum. In addition, obtaining comparable sputum or mucus samples from "controls" or "normals" can be problematic. However, finding impaired mucociliary transport at birth in CF piglets indicated that mucus abnormalities are a primary CF defect (10, 19) .
The goals of this study were to test the hypothesis that CF ASL has abnormal viscosity at the outset of disease and then to discover the basis of any abnormality. We used newborn piglets to avoid alterations in viscosity that might be caused by secondary CF manifestations, including bacterial products, DNA, proteases, cells and cellular debris, inflammation, altered neurohumoral signaling, and airway remodeling with goblet cell hyperplasia and submucosal gland hypertrophy. We studied ASL immediately after collection from piglets or while it covered cultured airway epithelia to avoid the effects of freezing or storage. Although mucins are the major protein and structural component of ASL and determine its viscoelastic properties (20) (21) (22) (23) , we chose to study native ASL, because purification and solubilization can alter the properties of mucins (24) , and we wished to assess differences that might be of physiological and therapeutic significance.
Cystic fibrosis (CF) disrupts respiratory host defenses, allowing bacterial infection, inflammation, and mucus accumulation to progressively destroy the lungs. Our previous studies revealed that mucus with abnormal behavior impaired mucociliary transport in newborn CF piglets prior to the onset of secondary manifestations. To further investigate mucus abnormalities, here we studied airway surface liquid (ASL) collected from newborn piglets and ASL on cultured airway epithelia. Fluorescence recovery after photobleaching revealed that the viscosity of CF ASL was increased relative to that of non-CF ASL. CF ASL had a reduced pH, which was necessary and sufficient for genotype-dependent viscosity differences. The increased viscosity of CF ASL was not explained by pH-independent changes in HCO 3 concentration, altered glycosylation, additional pH-induced disulfide bond formation, increased percentage of nonvolatile material, or increased sulfation. Treating acidic ASL with hypertonic saline or heparin largely reversed the increased viscosity, suggesting that acidic pH influences mucin electrostatic interactions. These findings link loss of cystic fibrosis transmembrane conductance regulator-dependent alkalinization to abnormal CF ASL. In addition, we found that increasing Ca 2+ concentrations elevated ASL viscosity, in part, independently of pH. The results suggest that increasing pH, reducing Ca 2+ concentration, and/or altering electrostatic interactions in ASL might benefit early CF.
There were no significant genotype-dependent differences in the abundance of MUC5AC or MUC5B transcripts in trachea or primary airway epithelial cultures ( Figure 1A ). MUC5AC localized predominantly in airway surface epithelia, and MUC5B localized in both surface epithelia and submucosal glands of both genotypes ( Figure  1 , B and C), as previously reported (30) . We observed no genotypedependent differences in immunostaining of either trachea or cultures. Western blotting showed MUC5AC and MUC5B proteins in airway mucus of both genotypes ( Figure 1D ).
We measured monosaccharide composition in ASL and found no statistically significant differences between CF and non-CF ASL (Supplemental Table 1 ; supplemental material available online with this article; doi:10.1172/JCI83922DS1). In addition, we released O-glycans by alkaline borohydride β elimination, methylated the glycan chains, and profiled them by mass spectrome-
Results
ASL does not show major genotype-specific differences in mucin expression, distribution, or glycan composition. Water makes up 90% to 95% of airway mucus, and mucins represent approximately 30% to 60% of the protein (20) (21) (22) (23) . Airway mucins are very large macromolecules comprised of disulfide-linked repeating polypeptide backbones decorated with numerous clustered O-linked glycan chains and a smaller number of N-glycans. Glycans constitute >80% of the mass of mucins, and they likely contribute to the overall physical properties of mucus. Prior studies of sputum have suggested that CF alters mucin glycosylation, but reports about the alterations have been conflicting (25) (26) (27) (28) (29) . We studied MUC5AC and MUC5B, the two major secreted airway mucins (20-23), and assessed glycosylation of ASL protein. , and actin (gray). C shows MUC5AC (green), MUC5B (green), β-catenin (red), and DAPI (blue). Scale bars: 10 μm. (D) Western blot of MUC5B (lanes 2 and 3) and MUC5AC (lanes 4 and 5) in ASL isolated from non-CF and CF tracheas. Lane 1 shows high-molecular-weight standards. The arrowhead indicates migration of mucin. Similar data were obtained in 5 to 6 other experiments. (E) O-glycan structures released from ASL of methacholine-stimulated newborn pigs determined by MALDI-TOF mass spectrometry. Area of peak normalized to the protein concentration is shown. Corresponding proposed O-glycan structures are indicated below the mass. n = 3 non-CF and 3 CF ASL samples, each from a different pig; littermate controls were used.
We applied 70-kDa FITC-dextran, allowed it to enter into ASL, bleached fluorescence with a brief laser pulse, and then measured the time constant (τ) at which fluorescence recovered, i.e., the time constant for unbleached FITC-dextran diffusion into the bleached area. A shorter τ indicates faster diffusion. We related the τ in ASL to that in saline (τ ASL /τ saline ) (Supplemental Figure 2 ). Consistent with an earlier report (31), we observed similar values of τ ASL /τ saline at different depths and in different microscopic fields (Supplemental Figure 2 ).
To determine whether ASL viscosity is abnormal at birth, we obtained ASL from newborn piglets after methacholine stimulation; methacholine stimulates submucosal gland secretion and reveals impaired mucociliary transport in vivo and ex vivo in CF pigs (10) . Piglets were studied in an environmental chamber (100% humidity). We removed ASL through a tracheal window and immediately used FRAP to assess viscosity. Compared with that in non-CF piglets, τ ASL /τ saline was increased in ASL from CF piglets ( Figure 2A ). We also studied differentiated primary cultures of porcine airway epithelia; the ASL was not disturbed for 2 to 4 weeks before study to allow mucus accumulation. τ ASL /τ saline was increased in CF ASL ( Figure 2B ). In differentiated primary cultures of human CF airway epithelia, we also found an increased τ ASL /τ saline ( Figure 2C ), consistent with a previous report (31) .
CF ASL has an increased percentage of nonvolatile material and an increased sulfate content. An increased percentage of nonvolatile material can increase viscosity, and several studies have reported that CF ASL may have an increased percentage of nonvolatile material. For example, pretreating porcine airways with inhibitors of anion (Cland HCO 3 -) secretion increased the percentage of solids (34) , and inhibiting CFTR increased the protein concentration in submucosal gland secretions of adult pigs (35) . In addition, sputum from people with CF is reported to contain a greater percentage of nonvolatile material, although the optimal control for such studies is uncertain (16, 36) .
Therefore, we measured the percentage of nonvolatile material in ASL. We placed newborn piglets in an environmental chamber; opened a tracheal window; collected ASL, as previously described; try ( Figure 1E ). In addition, we assayed total and free sialic acids (N-acetyl neuraminic acid [Neu5Ac] and N-glycolylneuraminic acid [Neu5Gc]) in ASL from differentiated cultures of porcine airway epithelia (Supplemental Figure 1 ). Overall, we found no obvious genotype-specific changes in glycosylation at this level of analysis.
CF ASL has an increased viscosity. Several assays have been used to assess the viscoelastic properties of mucus. At the macrorheological scale, shear rheometry has been used to assay sputum elastic and viscous moduli (20) (21) (22) (23) . However, the quantities of mucus required for that assay precluded its use with the very small volumes of ASL available from newborn animals in vivo or from primary cultures of differentiated airway epithelia. At the microrheological scale, properties of small volumes of mucus have been assessed by measuring diffusion rates or behavior of a tracer (molecules, peptides, and nanospheres and microspheres) using fluorescence recovery after photobleaching (FRAP), dynamic light scattering, fluorescence correlation spectroscopy, and single-particle tracking (23) . We used FITC-dextran as a tracer and assessed its diffusion by FRAP, as previously described (19, (31) (32) (33) . Lai et al. (23) have described some of the advantages of assessing microrheology, which is influenced by the liquid within the mucus as well as by the mucin mesh. With a small tracer such as FITC-dextran, diffusion is inversely related to viscosity, as described by the Stokes-Einstein equation. by hydrolysis, and assayed sulfate by HPLC analysis. The sulfate content was elevated in CF ASL ( Figure 3D ). Although it has been speculated that altered mucin sulfation in CF might change either bacterial binding or viscoelastic properties, how and in what direction that might occur remain uncertain.
Increasing pH reduces the ASL viscosity. Previous studies showed that pH could affect the physical properties of mucins, mucus, and human sputum (46) (47) (48) (49) . In addition, there are reports that HCO 3 may be required for normal mucus properties in intestinal, reproductive, and airway epithelia (50) (51) (52) (53) (54) . Our earlier data showed that loss of CFTR markedly reduces airway epithelial HCO 3 secretion and ASL pH in porcine airway epithelia (8, 37) . Therefore, we tested the hypothesis that ASL viscosity is increased in CF because of a reduced pH and/or HCO 3 concentration. We assayed ASL pH using the fluorescent ratiometric pH indicator SNARF-1.
Forskolin and 3-isobutyl-1-methylxanthine (IBMX) stimulate HCO 3 secretion by increasing cellular levels of cAMP, causing phosphorylation and activation of CFTR. In non-CF epithelia, 10 μM forskolin and 100 μM IBMX applied for 2 hours increased ASL pH and reduced τ ASL /τ saline ( Figure 4A ). In CF epithelia, forskolin and IBMX had opposite effects, reducing ASL pH and increasing τ ASL /τ saline without altering ASL depth. A cAMP-induced reduction of ASL pH is consistent with results of a previous study (55) . Adding NaHCO 3 (3 μl, 150 mM) to the apical surface increased ASL pH and reduced τ ASL /τ saline to similar levels in both genotypes ( Figure 4B ). These results suggested that a reduced ASL pH and/or reduced HCO 3 concentration increased τ ASL /τ saline in CF. However, they do not differentiate between pH and HCO 3 as the major factor. pH, HCO 3 -, and CO 2 are related, as described by the Henderson-Hasselbalch equation. To distinguish between the effects of pH and HCO 3 -, we did five experiments. (a) First, we tested variable HCO 3 concentrations at a constant pH. We applied 21 mM NaHCO 3 /5% CO 2 or 68 mM NaHCO 3 /15% CO 2 , both with a pH of 7.4, to non-CF ASL. The τ ASL /τ saline was the same ( Figure 5A ). (b) Second, we tested variable pH at a constant HCO 3 concentration. and immediately measured the percentage of nonvolatile material in ASL (8) . Under both basal and methacholine-stimulated conditions, CF ASL had an increased percentage of nonvolatile material ( Figure 3A ). This in vivo difference occurred in a setting in which we previously showed no difference in the depth of ASL (37) . Likewise, in primary cultures of differentiated porcine airway epithelia, confocal microscopy revealed that the depth of undisturbed ASL did not differ by genotype ( Figure 3B ). These results are in accord with those of previous studies of undisturbed ASL in human airway epithelial cultures (31, 38) and with assays of in vivo ASL depth in humans with CF and CF pigs (37, 39) . However, they differ from those of studies that added liquid to the apical surface or washed the apical surface and found that ASL depth was reduced in CF cultures (40) . As the concentration of sucrose increases, viscosity increases, with τ values increasing steeply as sucrose concentrations rise above approximately 30% (Supplemental Figure 2A ). In addition, we also tested τ mucin /τ saline at increasing concentrations of salivary mucins and increasing concentrations of gastric mucins, including under oxidized conditions (95% O 2 ) to increase cross-linking (ref. 41 and Figure 3C ). As the concentrations increased, ASL viscosity increased. The percentage of nonvolatile material in ASL collected after methacholine stimulation was 8.4% ± 0.6% for non-CF ASL and 10.8% ± 1.1% for CF ASL ( Figure 3A ), and τ ASL /τ saline was approximately 250% greater in CF ASL (4.3 ± 0.7) than in non-CF ASL (Figure 2A ). For comparison, the difference between 8.4% and 10.8% salivary or gastric mucin predicts a 5% to 10% difference in τ mucin /τ saline ( Figure 3C ). Thus, while the percentage of nonvolatile material has small effects, these results suggested that additional factors might have an even larger effect on ASL viscosity.
Several studies have reported that CF alters mucin sulfation. However, reports have varied widely, with studies showing increased, decreased, and unaltered sulfation (27, (42) (43) (44) (45) . As described above, variations might result from secondary manifestations, difficulty obtaining control samples, and analysis procedures. We removed ASL from airway epithelia, released sulfate pH-insensitive reducing agent tris(2-carboxyethyl)phosphine (10 mM, 1 hour) to ASL decreased τ ASL /τ saline in both non-CF and CF epithelia, abolished the difference between genotypes, and eliminated the increased τ ASL /τ saline produced by 15% CO 2 ( Figure 6 , A and B). Lack of a pH effect when mucin networks are broken into their subunits by disulfide reduction (20) (21) (22) (23) suggests that pH alters viscosity by influencing mucin structure. We considered the possibility that an acidic ASL pH might increase viscosity by inducing the formation of additional disulfide bonds. To test that possibility, we added iodoacetamide (IAA, 25 mM, 15 minutes) to ASL; IAA caps free thiols of cysteines to prevent new disulfide bond formation. We then increased CO 2 from 5% to 15%. Reducing pH increased τ ASL / τ saline , even in the presence of IAA ( Figure 6C and Supplemental Figure 6A ). As a control for the effectiveness of IAA, we applied 95% O 2 to the cultured airway epithelia in a humidified chamber for 15 minutes to induce oxidation and disulfide bond formation (41) . As expected, IAA prevented the oxidation-induced increase in τ ASL /τ saline ( Figure 6D and Supplemental Figure 6B ). These data suggest that an acidic pH does not increase viscosity by inducing formation of additional disulfide bonds. pH affects ASL viscosity by altering electrostatic interactions. These findings and the reversible effects of ASL pH suggested that pH influences noncovalent interactions in ASL. The noncovalent inter-We applied 3 μl of 24 mM NaHCO 3 , with either 5% CO 2 or 15% CO 2 , to non-CF cultured airway epithelia. At the reduced pH, τ ASL /τ saline increased ( Figure 5B ). (c) Third, we tested an increased HCO 3 concentration and a reduced pH. Without adding liquid to the ASL, we increased CO 2 from 5% to 15%, which reduced pH and, according to the Henderson-Hasselbalch equation, likely also increased HCO 3 concentration. τ ASL /τ saline increased ( Figure  5C ). (d) Fourth, we tested buffering pH with HEPES in HCO 3 -/ CO 2 -free solution. As pH fell, τ ASL /τ saline increased ( Figure 5D and Supplemental Figure 5 ). (e) Last, in experiments a-d, we measured τ ASL /τ saline on primary cultures of airway epithelia. We also tested ASL freshly removed from newborn piglets. We varied the CO 2 concentration in an enclosed and humidified chamber and found that for both CF and non-CF ASL, as ASL pH fell, τ ASL /τ saline increased ( Figure 5E ).
Thus, although HCO 3 is the major ASL pH buffer (56) , and HCO 3 secretion is an important factor determining ASL pH, these results indicate that it is pH and not the HCO 3 concentration itself that influences ASL viscosity.
An acidic pH does not increase ASL viscosity by inducing disulfide bond formation. Mucin structure depends on interchain disulfide bonds (20) (21) (22) (23) . Because mucins are the major structural protein in ASL, we predicted that disrupting disulfide bonds would reduce ASL viscosity and eliminate the effect of acidification. Adding the concentration and CO 2 were balanced to achieve the same pH. τ ASL /τ saline and ASL pH were measured 5 minutes later. n = 9 epithelia per genotype, each from a different pig. (B) 24 mM NaHCO 3 (3 μl with 5% or 15% CO 2 ) was applied to the apical surface of non-CF cultured airway epithelia. Five minutes later, τ ASL /τ saline and ASL pH were measured. n = 6 epithelia per genotype, each from a different pig. (C) Non-CF cultured airway epithelia were exposed to 5% or 15% CO 2 in a humidified chamber at 37°C. τ ASL /τ saline and ASL pH were measured 5 minutes later. n = 6 epithelia per genotype, each from a different pig. (D) To eliminate HCO 3 -/CO 2 , HEPES buffer (3 μl, 20 mM in saline) at a pH of 6.8 or 7.8 was applied to the apical surface of non-CF cultured airway epithelia. τ ASL /τ saline and ASL pH were measured 5 minutes later (see also Supplemental Figure 5 , which indicates that changes in viscosity were not due to HEPES per se). n = 6 epithelia per genotype, each from a different pig. (E) Methacholine-stimulated ASL was collected from newborn non-CF (blue) and CF (red) pigs after methacholine stimulation and immediately assayed for τ ASL /τ saline and pH in a humidified chamber containing either 5% or 15% CO 2 actions that are most sensitive to changes in pH are ionic interactions (electrostatic bonds). We used two strategies to test the hypothesis that pH affects ASL viscosity by altering ionic interactions. The acidic glycosaminoglycan chains contained in heparin can disrupt ionic interactions (57, 58) . We found that heparin reduced the τ ASL /τ saline of CF and non-CF ASL, both in the presence of 5% CO 2 and when pH was reduced by 15% CO 2 ( Figure 7A and Supplemental Figure 7 ).
An increase in ionic strength can destabilize electrostatic interactions between mucin polymers. We previously found that the salt concentration in porcine ASL did not differ by genotype (8) . We removed ASL from newborn piglets and added either 0.9% or 7% NaCl. Compared with isotonic saline (0.9%), 7% saline reduced τ ASL /τ saline ( Figure 7B and Supplemental Figure 8 ). Adding hypertonic saline also decreased τ ASL /τ saline under more acidic 15% CO 2 conditions. Conversely, adding water instead of 0.9% NaCl to dilute the ASL salt concentration increased τ ASL /τ saline (Supplemental Figure 9 ).
Increasing the Ca 2+ concentration increases ASL viscosity. Finding that noncovalent interactions influence τ ASL /τ saline and previous evidence that Ca 2+ may cross-link and stabilize mucins (59) (60) (61) led us to test the effect of Ca 2+ concentration. The Ca 2+ concentrations of human and porcine ASL are approximately 4 mM and approximately 1 to 2 mM, and they are similar in CF and non-CF ASL (62) (63) (64) (65) .
We removed ASL from newborn piglets and varied the Ca 2+ concentration. We studied ASL ex vivo in order to avoid effects on tight junctions and airway cells. At a pH of approximately 7.3, increasing Ca 2+ increased τ ASL /τ saline ( Figure 8A ). Reducing pH to approximately 6.8 further increased τ ASL /τ saline by approximately 50% when Ca 2+ was very low (20 mM EGTA) and at each Ca 2+ concentration tested. Solutions containing two other divalent cations, MgCl 2 or ZnCl 2 , did not reproduce the effects of CaCl 2 and did not differ from a solution that contained NaCl at the same ionic strength ( Figure 8B and Supplemental Figure  10 ). Thus, the effects of divalent cations were specific to Ca 2+ . These results suggest that pH and Ca 2+ affect τ ASL /τ saline at least in part via different mechanisms. To test whether electrostatic interactions influence the effect of Ca 2+ , we maintained pH at a constant of approximately 6.8 and added 7% NaCl; the Ca 2+induced increase in ASL viscosity was attenuated but not eliminated ( Figure 8C and Supplemental Figure 11 ).
Earlier studies examined the interaction of Ca 2+ with mucin (61, 66) . Ca 2+ binding to MUC5B was specific to Ca 2+ over other divalent cations, and Ca 2+ binding showed a component that was lost in the presence of NaCl and a component that was resistant to high NaCl concentrations (2 M). The specific, high-affinity Ca 2+ -binding sites may involve cysteine-rich, von Willebrand-like domains. Our data are consistent with those earlier studies and suggest that Ca 2+ may elevate ASL viscosity by more than one mechanism. )phosphine on τ ASL /τ saline of cultured non-CF airway epithelia exposed to 5% or 15% CO 2 . n = 5 epithelia per condition, each from a different pig. (C) Effect of IAA (25 mM, 3 μl in PBS for 15 minutes) on τ ASL /τ saline of cultured non-CF airway epithelia exposed to 5% or 15% CO 2 (see also Supplemental Figure 6A Effect of heparin (3 μl of 1 mg/ml in PBS for 2 hours) on τ ASL /τ saline of non-CF and CF cultured airway epithelia exposed to 5% or 15% CO 2 (see Supplemental Figure 7 for ASL pH). n = 5-6 per condition, each from a different pig. (B) Effect of adding 0.9% or 7% NaCl (4 μl added to 10 μl ASL for 30 minutes) on τ ASL /τ saline . ASL was collected from non-CF and CF piglets that were stimulated with methacholine. ASL was exposed to 5% or 15% CO 2 (see Supplemental Figure 8 for ASL pH). n = 6 per condition, each from a different pig. 
Discussion
Our results indicate that the viscosity of ASL is increased in CF.
Although we cannot rule out subtle changes, the difference between CF and non-CF ASL is not attributable to a defect in mucin itself, but rather to the environment in which it resides, i.e., an abnormally acidic ASL. These findings link loss of CFTR to altered ASL viscosity; without CFTR-dependent HCO 3 secretion, ASL pH falls and increases viscosity. Thus, altered ASL viscosity is a primary defect that might contribute, at least in part, to the pathogenesis of CF. We also recognize that the subsequent consequences of infection, inflammation, and airway remodeling may further modify viscosity and fuel defective mucociliary transport.
The results address other potential hypotheses for an increased ASL viscosity in CF. First, studies of mouse intestine, reproductive tract, and A549 cells suggested that HCO 3 plays a role in determining mucus viscoelastic properties (50) (51) (52) (53) (54) . However, it has not been clear whether it is HCO 3 concentration or pH that is the key variable. Although HCO 3 is the major pH buffer in ASL (56) and although reduced HCO 3 secretion decreases the pH of CF ASL, our data indicate that it is pH, rather than the HCO 3 concentration itself, that affects viscosity. This result is consistent with previous data indicating that pH affects the physical properties of isolated porcine gastric mucin, bovine gallbladder mucin, human salivary mucin, mucus from primary cultures of human cervical cells, and human sputum (47) (48) (49) (67) (68) (69) (70) . Some studies have emphasized a role for HCO 3 secretion in the release of mucus from tissue and noted that HCO 3 on the basolateral surface of intestine is required for normal mucus release (50) (51) (52) (53) (54) . It might be possible that there are differential requirements for HCO 3 concentration versus pH in the restricted volume of the intestinal crypt or the airway submucosal gland that influence mucus properties or interactions with cells.
Second, we did not find major CF-associated alterations in glycosylation. This result is consistent with that of a previous study that collected mucus secreted from human submucosal glands, thereby minimizing effects of airway infection (26) , and a study that measured mucus secreted by cultures of human airway epithelia (71) . Previous studies of CF sputum have reported both increased and decreased sialylation (25, 28, 72, 73) ; perhaps differences between studies can be attributed, in part, to variations in the contribution and extent of primary versus secondary (infection and inflammation) influences on ASL.
Third, we found increased sulfation of CF ASL. Earlier studies have reported widely varying results, ranging from increased to decreased sulfation of CF mucus (27, (42) (43) (44) (45) . Secondary contributions and difficulty in obtaining control samples might be responsible for the variation. A potential mechanism for altered sulfation is that loss of CFTR function may elevate pH in the Golgi complex, which could in turn alter the activity of enzymes performing posttranslational modifications (74) . Perhaps pH-dependent activity of terminal sulfotransferases changes mucin sulfation. However, other mechanisms might be involved, and some studies have not observed altered intracellular vesicle acidification (75) . It has been speculated that increased sulfation might alter the biophysical properties of mucus or change the binding of bacteria or viruses (42) . Our data do not exclude the possibility that increased sulfation affects ASL viscosity, but they suggest that any such effects must be small relative to those induced by pH and Ca 2+ . The conclusion that altered sulfation does not have major effects on viscosity is also consistent with the findings of several earlier studies (51) (52) (53) (54) and with the finding that acutely inhibiting HCO 3 and Clsecretion in wild-type porcine airways reproduced the impaired mucociliary transport phenotype observed in CF airways (10, 34) .
Fourth, we found that the percentage of nonvolatile material was increased in ASL from CF pigs. This result is consistent with those of studies of secretions from porcine submucosal gland ducts, porcine airways, and human sputum (34) (35) (36) . An increased concentration of soluble or insoluble material can increase viscosity and may contribute to a greater viscosity of CF ASL. However, the data suggest that the increased viscosity in CF is not primarily attributable to the increased percentage of nonvolatile material. For example, at the same pH, ASL removed from CF and non-CF pigs had a similar τ ASL /τ saline ( Figure 5E ). The same was true with ASL on primary cultures of airway epithelia ( Figure 4B ). In addition, both breaking disulfide bonds and disrupting electrostatic interactions equalized the viscosity of CF and non-CF ASL. collected from newborn non-CF piglets was studied after addition of 20 mM EGTA, 10 mM NaCl, 10 mM CaCl 2 , or 100 mM CaCl 2 in 4 μl saline containing 20 mM HEPES at a pH of 7.35 or 6.8. The final Ca 2+ concentrations were calculated based on volume of addition, ASL volume, Ca 2+ in added solution, and an ASL Ca 2+ concentration of 3 mM. n = 7 for 20 mM EGTA, 10 mM NaCl, and 10 mM CaCl 2 and n = 4 for 100 mM CaCl 2 ; n refers to the number of pigs. (B) Effect on τ ASL /τ saline of adding 4 μl of saline (20 mM HEPES, pH 7.35) containing 10 mM CaCl 2 , 10 mM MgCl 2 , 10 mM ZnCl 2 , or 30 mM NaCl to 10 μl ASL for 30 minutes. ASL was collected from newborn non-CF pigs (see Supplemental Figure 10 for ASL pH). n = 6-7 per condition, each from a different pig. (C) Effect of 7% NaCl on Ca 2+ -induced increase in ASL viscosity. ASL was collected from newborn non-CF piglets and studied after addition of 20 mM EGTA (0 mM Ca 2+ ) or 100 mM CaCl 2 (30 mM Ca 2+ calculated as described for A). Additions were in 4 μl of 0.9% or 7% NaCl containing 20 mM HEPES at pH 6.8 (see Supplemental Figure  11 as the disease progresses could also change mucus properties and further alter mucociliary transport. Second, we cannot exclude differences in glycosylation or disulfide bonds that were below our detection threshold or that did not alter τ ASL /τ saline . Third, we studied native ASL. It is possible that individual gel-forming mucins respond differently to changes in pH and make distinct contributions to ASL properties. Another limitation of our study, as well as other studies, is that we do not know which properties of mucus are most important for mucociliary transport or which changes in CF mucus hinder mucociliary transport. Our previous studies of newborn CF piglets showed abnormal mucociliary transport in vivo and ex vivo and indicated that strands of mucus failed to break free after emerging from submucosal glands (10) . That mucus abnormality probably depended on a reduced pH in submucosal glands because its reproduction in non-CF airways required the prevention of HCO 3 secretion (10) . Abnormal mucus behavior has also been reported in another study of mucus in newborn CF piglets (19) and in studies of mucus in intestines and female reproductive tracts of CF mice (51) (52) (53) (54) . Here, we measured the mobility of FITC-dextran, which is determined by ASL viscosity, as described above. Although it is sometimes stated that increased viscosity disrupts mucociliary transport, we are not aware of data that directly test that hypothesis. Nevertheless, decreased diffusion of tracers (dextran or small particles) is likely related to the abnormal viscoelastic properties of mucus that impair mucociliary transport in CF. It will be important to develop additional assays of other viscoelastic properties in tiny ASL volumes and design strategies to examine their effect on mucociliary transport.
Therapeutic implications. Our results suggest that increasing the pH of ASL might be of therapeutic benefit in CF by disrupting electrostatic interactions. We previously found that aerosolized NaHCO 3 transiently elevated ASL pH in vivo (80) , and perhaps that or another means of raising ASL pH might be beneficial. Electrostatic interactions might also be reduced by heparin, and previous studies suggested that heparin might be of benefit for people with CF (58, 83) .
An increased ionic strength, which reduces electrostatic interactions, also reduced viscosity. Interestingly, hypertonic saline (7% NaCl) is currently administered to people with CF and was reported to reduce the frequency of respiratory exacerbations (84, 85) . Our data raise the possibility that a benefit of hypertonic saline might arise, at least in part, by altering electrostatic interactions in mucus. That speculation is consistent with previous reports that increasing ionic strength decreased viscosity and gel formation of mucin and mucus (49, 86, 87) . A recent study also reported that hypertonic saline released small intestinal CF mucus (88) .
As previously indicated (50) (51) (52) (53) (54) , our results reveal an important role for Ca 2+ in mucus viscosity. Thus, reducing the ASL Ca 2+ concentration might be of benefit, although, like hypertonic saline, a reduced Ca 2+ concentration might disrupt epithelial integrity or have other adverse effects. Consistent with our data, the Ca 2+ chelator EGTA dispersed mucin gels cross-linked by Ca 2+ (89) . We are aware of one study that administered an aerosol of the Ca 2+ chelator EDTA to people with CF for 3 months but reported no improvement in pulmonary function (90) .
Both reduced pH and increased Ca 2+ concentration increase ASL viscosity. Two conditions that maintain intravesicular mucin in a compacted state (60) , an acidic pH and a high Ca 2+ concentration, increased the viscosity of ASL. Moreover, their effects were, at least in part, independent; at a range of Ca 2+ concentrations, reducing the pH increased τ ASL /τ saline , and at constant pH values, increasing the Ca 2+ concentration increased τ ASL /τ saline .
MUC5AC and MUC5B form long, anionic polymers that are maintained in close proximity by electrostatic bonds (20, 76) . Electrostatic interactions are the noncovalent bonds that are most sensitive to pH, especially with the relatively small perturbations used here, and our data suggest that elevating pH weakens those electrostatic interactions, thereby reducing ASL viscosity. This conclusion is consistent with previous reports that ionic interactions underlie the effect of pH on mucus viscosity (47, 49) . However, the variations in pH might also affect H + bonds and salt bridges, and hydrophobic interactions have been observed at very low pH values (77) . Sites on mucus that might contribute to electrostatic interactions include the mucin protein backbone (especially the N-and C-terminal ends) and negatively charged sulfate or sialic acid on O-glycan structures.
The finding that increasing Ca 2+ concentrations raise τ ASL /τ saline largely independently of pH is consistent with findings in previous reports on salivary and respiratory mucins (61, 66) . Because the effect of Ca 2+ was specific and not a result of changes in ionic strength or divalent cations (Mg 2+ and Zn 2+ were ineffective), the data suggest that Ca 2+ interacted with specific Ca 2+ -binding sites. Consistent with that conclusion, mucins contain von Willebrandlike domains that contain Ca 2+ interaction sites (78, 79) , and previous data suggested that the MUC5B N-terminal von Willebrand-like D3 domain forms reversible Ca 2+ -mediated cross-links between linear MUC5B polymer chains (66) .
This study has advantages and limitations. This study has several advantages. First, by studying newborn piglets and their cultured epithelia, we were able to exclude confounding factors that might alter viscosity. Second, we examined native mucus by studying ASL freshly removed from animals and on differentiated epithelial cultures. Thus, we avoided freezing, drying, storage, and other manipulations that can alter mucus properties (20, 23) . Third, we were able to include appropriate non-CF controls, a recurrent problem for many studies of mucus. Fourth, the use of FRAP allowed us to assess very small volumes and to do interventions for mechanistic studies. Fifth, we studied pH within the physiological range. Sixth, we measured ASL pH for the various interventions. Seventh, we examined ASL removed from pigs after methacholine stimulation, which generates primarily submucosal gland secretions, and ASL in differentiated primary airway epithelial cultures, which generate mucus primarily from goblet cells. Both yielded similar results.
Our study also has limitations. First, viscoelastic properties might differ between newborn and older animals. We found that ASL pH is abnormally acidic in human neonates with CF (80). However, results differ about whether ASL pH remains abnormally acidic with increasing age (80) (81) (82) . Here, we were interested in the origins of CF disease, and these newborn animals were not infected. However, bacterial infection, inflammation, presence of airway proteases, and airway remodeling that occur jci.org Volume 126 Number 3  March 2016 liseconds. Time series images after photobleaching were collected at 400-millisecond intervals until maximal recovery was reached. Typically, 5 to 6 recovery curves from different locations in each sample (2-4 μm below the surface) were obtained and averaged. The τ for fluorescence recovery were determined by regression analysis and are presented as τ ASL /τ saline . ASL depth measurement. ASL depth measurements were done in unperturbed cell cultures (without prior washing) in a humidified chamber at 37°C. ASL was stained with FITC-dextran (70 kDa, Sigma-Aldrich) added as a powder 2 hours before measurements. The cultured epithelia were covered with a high-boiling-point perfluorocarbon (FC-70, 3M) to prevent evaporation. ASL depth was measured by z-scanning confocal microscopy (LSM 510 META, Zeiss, equipped with a ×40 water-immersion objective). ASL depth was determined from z-image stacks. Generally, at least 6 images from different locations across the epithelial surface (away from the meniscus) were acquired and averaged for each epithelium.
Percentage nonvolatile material in ASL. Pigs were anesthetized as described above. The trachea was surgically exposed and accessed ventrally using heat cautery. We then made a small anterior incision through the tracheal rings using heat cautery to prevent bleeding. To ensure that air was completely humidified, animals were studied in a humidified chamber (100% relative humidity, 25°C-30°C). We collected ASL using a procedure designed to minimize the generation of excessive capillary forces during sampling. We fused thin lens paper (VWR Scientific Products) with Parafilm M (Pechiney Plastic Packaging) in an oven (205°C) for 70 to 90 seconds. This procedure reduced the volume of liquid that the paper would absorb and minimized evaporation from the surface not touching ASL. We prepared 0.5-× 2-cm strips of this material, washed them 3 times in double-distilled water, and dried them overnight at 40°C. The Parafilm M-fused paper strips were weighed and then gently placed in contact with the luminal surface of the posterior trachea for 15 seconds. Immediately after removal from the trachea, the Parafilm M-fused paper strips were placed (paper side up with Parafilm M touching the weight apparatus) on a precision balance (Mettler Toledo XP26DR). A synchronized computer measured mass 10 times per second for 200 seconds (BalanceLink; Mettler Toledo) while evaporation occurred. The amount of ASL collected was determined by plotting mass versus time, fitting a 1-phase exponential decay to the data (GraphPad Prism 5; GraphPad Software Inc.), and extrapolating to mass at time 0, i.e., the time at which the strip was removed from the airway surface. We then dried the strips overnight at 40°C and determined the mass after evaporative removal of solvent.
To determine the percentage of ASL that was nonvolatile, we divided the ASL solute mass by the total mass and multiplied by 100%. We measured the fraction of nonvolatile mass under basal conditions and 5 minutes after the delivery of methacholine (2.5 mg/kg, i.v.).
Measurement of sulfate in ASL. To measure the sulfate content in ASL, we collected ASL washed with PBS from airway epithelia cultured from newborn CF and non-CF piglets. Sulfate was released by acid hydrolysis. 50 μl of 200 mM HCl was added to ASL samples (15-50 μl) and incubated at 100°C overnight in screw-cap tubes. After cooling, the samples were neutralized by adding NaOH and then centrifuged at 12,000 g for 20 minutes to remove the insoluble material. The supernatants were diluted 1:10 in water, and 10 μl was injected into a Dionex high-performance anion-exchange chromatography (HPAEC) instrument for sulfate determination. The HPAEC system Finally, these findings may also be relevant for other respiratory diseases reported to have an acidic ASL pH, such as asthma (91) , chronic obstructive pulmonary disease (92) , and acute respiratory distress syndrome (93) .
Methods CFTR -/and CFTR +/+ pigs. We previously reported the generation of CFTR -/pigs (4). Animals were produced by mating CFTR +/male and female domestic pigs. Newborn littermates were obtained from Exemplar Genetics. Animals were studied 8 to 15 hours after birth. Euthanasia was with intravenous Euthasol (Virbac).
Preparation of differentiated primary cultures of airway epithelia. Epithelial cells were isolated from the trachea and bronchi by enzymatic digestion; seeded onto collagen-coated, semi-permeable membranes (1.13-cm 2 polyester; Corning); and grown at the air-liquid interface, as previously described (94) . Culture medium, a 1:1 mixture of DMEM/F12, was supplemented with 2% Ultroser G (PALL Corp.). Differentiated epithelia were used at least 14 days after seeding.
ASL pH measurement. ASL pH was measured as previously described (8) . Briefly, to assess pH in primary cultures of airway epithelia, we used the fluorescent ratiometric pH indicator SNARF-1 conjugated to dextran (Molecular Probes), which was prepared as a suspension in perfluorocarbon, and 200 μl was added to the apical surface. Two hours later, epithelia were studied in a humidified, 5% CO 2 atmosphere at 37°C on the stage of an inverted confocal microscope (Zeiss 510 Meta NLO). For assaying pH of ex vivo ASL, SNARF-1 powder was incubated with ASL and measurements were done in a humidified chamber. SNARF-1 was excited at 514 nm, and the ratio of fluorescence intensity measured at 580 nm and 640 nm was used to calculate pH.
ASL collection for viscosity and glycosylation studies. Collection of ASL from piglets was done in an enclosed humidified chamber (100% relative humidity, 25°C-30°C). Pigs were anesthetized with ketamine (20 mg/kg, intramuscularly) and xylazine (2 mg/kg, intramuscularly), and sedation was maintained with propofol (2 mg/kg, i.v.). The neck was dissected to expose the trachea. Tracheal secretion was stimulated with methacholine (2.5 mg/kg, i.v.). After approximately 5 minutes, a small incision was made in the ventral tracheal wall, and sterile polyester-tipped applicators (Puritan Medical Products) were used to collect ASL as it traveled up the airway, thus minimizing contact with the tracheal wall. Applicators were inserted into microcentrifuge tubes, which were capped in the chamber to prevent evaporation. The tubes were briefly centrifuged to remove ASL from applicators, and the ASL was then pooled. We collected approximately 50 μl ASL from newborn CF piglets and up to approximately 100 μl ASL from non-CF piglets, which allowed for technical replicates and testing of interventions. Less volume from CF pigs is consistent with reduced volume secretion from CF submucosal glands (95) . ASL was usually collected from non-CF and CF paired littermates studied on the same day and was used immediately after collection. ASL viscosity measured by FRAP. Freshly collected ASL or ASL on the apical surface of cultured airway epithelia was stained by depositing FITC-dextran powder (70 kDa, Sigma-Aldrich). ASL viscosity was assessed by measuring FRAP of FITC-dextran using a confocal microscope (LSM 510 META, Zeiss). All imaging and bleaching were carried out in a single plane using the 488-nm laser line. Following acquisition of a baseline image, a 6-× 18-μm rectangular region was photobleached by increasing the laser intensity to 100% for 400 miljci.org Volume 126 Number 3 March 2016 MUC5B (1:5,000; LSBio) or MUC5AC (1:16,000; Novus Biologicals), detected with donkey anti-rabbit 680 and donkey anti-mouse 800 (1:10,000), and visualized on the Odyssey IR imager (LiCor). MALDI-TOF mass spectra of O-glycans isolated from porcine airway mucus. O-glycans were released from known amounts of protein samples by the reductive β elimination method. Briefly, samples were taken in a known volume and an equal volume of 0.1 M NaOH containing 2 M NaBH 4 to make the final concentration of 50 mM NaOH with 1 M NaBH 4 . The reaction was done at 45°C for 16 hours with continuous stirring. The samples were then cooled over an ice bath, and 30% aqueous HOAc was added drop wise to neutralize the solution. The reaction mixture was then passed over Dowex 50W cation exchange resin (Bio-Rad, 200 mesh) to remove sodium from the reaction mixture. Samples were then lyophilized, and the boric acid in the sample was removed by repeated evaporation with acidified methanol and absolute methanol, respectively. The O-glycans were further purified by passing the samples over Sep-Pak C18 1cc Vac Cartridges (Waters), and the flow through was collected and dried down by lyophilization prior to permethylation and MALDI mass spectrometry. The mass spectra were done exactly as described before, where the mass range was selected from 200 to 2,000 amu (96, 97) . The identified masses were proposed according to published reports (96, 97) .
Measurement of fucose, glucosamine, galactose, galactosamine, and mannose. Monosaccharides in ASL were determined by HPAEC with pulsed amperometric detection (HPAE-PAD) as previously described (98) . Known volumes of sample were mixed with equal volumes of 4 N TFA to a final concentration of 2 N TFA and hydrolyzed at 100°C for 4 hours on a heating block (Reacti-Therm, Pierce). The unreacted acid was then removed by dry nitrogen flush, followed by coevaporation with 50% aqueous iso-propyl alcohol twice to ensure complete removal of acid. The samples were dissolved in a known volume of water and injected into an HPAEC-PAD instrument (ICS3000, Dionex). Monosaccharide profiling was performed using a Dionex CarboPac PA-1 column (4.0 × 250 mm, 10 μm), and quantification was performed by comparing the results with measured amounts of authentic standards injected as external calibrants. Separation of monosaccharides was performed using a combination of 3 solvents: Milli-Q water (Millipore), 100 mM NaOH containing 5 mM NaOAc, and 100 mM NaOH containing 250 mM NaOAc. An instrument-supplied standard quad waveform specific for monosaccharide analysis was used to obtain optimal detection.
Measurement of total and free Neu5Ac and Neu5Gc. Neu5Ac and Neu5Gc, present both as free and bound to N-/O-glycans, were quantified using 1,2-diamino-4,5-methylene dioxybenzene-tagged (DMB-tagged) sialic acid by RP-HPLC using a fluorescent detector as previously described (99) . For free sialic acid quantification, known amounts of sample were passed over the spin filter with a 3-kDa molecular weight cutoff (NANOSEP 3K OMEGA, Pall Life Sciences). The flow through was collected, dried, and tagged with DMB to form a fluorescent adduct prior to detection using HPLC-FL. Total sialic acid in the samples was analyzed following mild acid release using 2 N HOAc at 80°C for 3 hours. Acid from the reaction mixture was removed by vacuum evaporation. The reaction mixture was then dissolved in water and filtered over a 3-kDa molecular weight cutoff spin filtration unit (NANOSEP 3K OMEGA, Pall Life Sciences). The flow through-containing total sialic acid was then used for ion chromatography consisted of a Dionex system, with an IonPac AS18 (4*250 mm) anion-exchange column and guard column. Separation was achieved using isocratic elution (38 mM NaOH for 15 minutes for 1 run) at a flow rate of 1.0 ml/min, and a conductivity detector was used for detection. Measurement of sulfate content was performed at the Complex Carbohydrate Research Center at the University of Georgia.
Quantitative RT-PCR. We used PrimeTime chemistry (IDT) (for tracheal tissues) and SYBR Green (ABI) (for epithelial cultures) on an ABI 7500 Fast Real-Time PCR System to measure porcine MUC5B and MUC5AC mRNA. Briefly, tracheal tissue or epithelial cultures were collected in RNAlater (Ambion), and total RNA was isolated (RNeasy Lipid Tissue Mini Kit, Qiagen). First-strand cDNA was synthesized with random hexamers (SuperScript III, Invitrogen). Sequence-specific primers and probes for porcine MUC5B and MUC5AC and β-actin were from IDT. We used IDT PrimeTime and SYBR green primers (SYBR green forward: 5′-CTTCCACACAGCACAGCACT-3′; reverse: 5′-GGAAGTC-CAGGTCAAACCAC-3′; PrimeTime forward: 5′-CTCCCAAGTCGG-CATCAAG-3′; reverse: 5′-TTCTGGTCATTGGTGCAGG-3′; probe: 5′-56FAM/TCTCCCCCG/SEN/CCATCAGTCC/3IABkFQ-3′) to measure MUC5AC. IDT PrimeTime primers and SYBR Green primers were used to measure MUC5B (SYBR green forward: 5′-GACTTTCATCC-CACCCCTCA-3′; reverse: 5′-ATGTGGGTGATGGCGGGCCT-3′; Prime-Time forward: 5′-CTTTCATCCCACCCCTCAC-3′; reverse: 5′-GTC-GAAGGTCTTGTAGTGGAAG-3′; probe: 5′-56FAM/TCTCCCCCG/ ZEN/CCATCAGTCC/3IABkFQ-3′) and β-actin (Ss03376160_u1, ACTB) in separate reactions. For each tissue, amounts of mucin mRNA were normalized to β-actin mRNA. These normalized values were then expressed relative to that in non-CF MUC5AC.
Immunocytochemistry. Newborn pig airway epithelial cultures were rinsed briefly in PBS (Ca 2+ and Mg 2+ free), fixed in 4% paraformaldehyde (EMS), permeabilized with 0.3% TX-100 (Thermo Fisher), and blocked in Super-Block (Thermo Fisher) supplemented with 10% filtered normal goat serum (Jackson Immunologicals). Epithelia were immunostained with anti-MUC5B (1:2,500; Santa Cruz) or anti-MUC5AC (1:5,000; Novus Biologicals) and anti-β-catenin (1:100; Zymed). Subsequently, the filters were incubated in secondary antibody, goat anti-mouse Alexa Fluor 488 (Molecular Probes) and goat anti-rabbit Alexa Fluor 568 and phalloidin 633 (Life Technologies), mounted in Vectashield plus DAPI (Vector Labs), and visualized using an Olympus Fluoview FV1000 confocal microscope. Paired images were immunostained, visualized, and subsequently enhanced identically. Tracheas from newborns were excised and fixed in 2% paraformaldehyde at room temperature for 1 hour before freezing in OCT and storage at -80°C. Cryosections (7 μm) were permeabilized with 0.3% TX-100 (Thermo Fisher) and blocked in Super-Block (Thermo Fisher) supplemented with 10% filtered normal goat serum (Jackson Immunologicals). Sections were immunostained and processed as above.
Western blotting. Airway mucus was collected from sedated newborn pig littermates after methacholine stimulation. An equal volume of 2X sample buffer was added to 10 μl non-CF and CF mucus and incubated at 100°C for 20 to 30 minutes. Samples were run on 4% to 15% Tris-HCl gels (Thermo Fisher) with high-molecular-mass standards (Life Technologies). Electrophoresed gels were transferred to PDF-FL (Millipore) overnight. Membranes were blocked in 0.01% casein buffer in PBS (Ca 2+ and Mg 2+ free), immunostained with tagged with DMB as follows. Sialic acids were derivatized with DMB. Reactions consisted of 7 mM DMB, 18 mM sodium hydrosulfite, 1.4 M acetic acid, and 0.7 M 2-mercaptoethanol and were carried out for 2.5 hours at 50°C in the dark. DMB-sialic acid derivatives were then resolved by HPLC using a reverse-phase C18 column (Acclaim 120, 4.6 mm × 250 mm, 5 μm, Dionex). A mixture of 85% Milli-Q water, 7% methanol, and 8% acetonitrile was used as elution buffer at a flow rate of 0.9 ml/min. Detection of fluorescently labeled sialic acids was achieved at excitation and emission wavelengths of 373 nm and 448 nm, respectively.
Statistics. Data are generally presented as points from individual animals or epithelia from different animals, with mean ± SEM indicated by bars. For statistical analysis, we used an unpaired, 2-tailed Student's t test to compare 2 groups and a 1-way ANOVA for multiple comparisons (Figure 8 , B and C). Differences were considered statistically significant at P < 0.05.
Study approval. The University of Iowa Animal Care and Use Committee approved all animal studies. Human samples for generating airway epithelial cultures were collected with approval of the University of Iowa Institutional Review Board.
